In order to solve the problems of poor surface wear resistance and low hardness of titanium alloy materials formed by selective laser melting (SLM) technology, a new method of preparing bright nickel protective coating by jet electrodeposition was proposed in this paper. The surface morphology of the coatings was characterized by field emission scanning electron microscopy. The microhardness tester, scratch tester, and friction and wear tester were used to analyze the adhesion, hardness, and wear resistance of the coatings. The results indicated that the current density has an important effect on the properties of the coatings; as the current density increases, the surface flatness gradually increases and then decreases. When the current density is 120 A/dm 2 , the microhardness of the coatings reaches 548 HV, and the adhesion strength also reaches 30.4 N. Compared with the surface of titanium alloy, the surface of the coating has better wear resistance, and the surface is more complete after friction and wear test. The wear mechanism is transformed from microscopic grinding to smearing.
INTRODUCTION
Titanium and titanium alloys have been widely used in modern industry because of their low density, high specific strength, superior high temperature mechanical properties, low temperature resistance, good brittleness, and heat resistance [1] [2] [3] [4] [5] . In recent years, the development of titanium and titanium alloys has been very rapid, especially in the aviation industry, where the demand for titanium alloys has grown more quickly [6] [7] . Manufacturing technology for powder metal adding material based on layer by layer accumulating forming idea, such as SLM, provides a new idea for the integrated design and manufacture of complex titanium alloy structures. Its basic principle is to melt metal powder layer by layer according to the pre-planned scanning path by using high energy beam energy source, directly forming the parts. This technology is suitable for many fields [8] . Many scholars have carried out extensive studies and achieved numerous results [9] [10] . However, titanium alloys formed by SLM technology have poor wear resistance, are prone to contact corrosion, and have poor electrical and thermal conductivity, seriously restricting their application [11] [12] . Therefore, it is necessary to apply some surface treatments on the titanium alloy in order to expand its application scope and improve its service life.
The surface treatment methods of titanium alloys include anodic oxidation [13] , micro-arc oxidation [14] , electroplating [4, 15] , and electroless plating [16] . Among them, the method of anodic oxidation and micro-arc oxidation forms a dense oxide film on the surface of the titanium alloy, protecting the titanium alloy. However, because of its thin film and poor wear resistance, its performance is seriously affected. Electroplating deposits a coating on the surface of the titanium alloy by the principle of cathode deposition, which has the characteristics of uniformity and low porosity. Therefore, the properties of titanium and its alloys can be improved by deposition protection. [17] [18] [19] [20] [21] . There have been many scholars who have previously explored this area. Xia et al. show that NiCrAlY coating can significantly improve the ablation resistance of TC6 titanium alloy [17] . Peng et al. found that the deposition of Ta-W coating has a very good effect on protecting titanium and its alloys in an ablation atmosphere [22] . Yu et al. obtained a copper plating layer with good adhesion strength by activating and hydrogenating the titanium alloy. It was found that the electroplated copper improved the conductivity of the titanium alloy matrix and weakened its galvanic corrosion tendency [23] .
Owing to the flexibility, being able to adapt to different surfaces, and having a large limiting current density of jet electrodeposition, we attempt to deposit a nickel coating on the titanium alloy formed by SLM using jet electrodeposition. In this paper, we will research the effects of different current densities on the surface morphology, adhesion, hardness, and wear resistance of the coatings.
EXPERIMENTAL

Experimental device
The CNC jet electrodeposition system used in this experiment is built independently. The main part of the system consists of transmission system, solution circulation system, and control system, which can control the jet moving range, scanning speed, and deposition time. The auxiliary part ensures the stability of solution temperature during electrodeposition. The physical equipment is shown in Fig. 1 . The X-axis motor controls the anode to reciprocate, the Z-axis motor controls the anode to move up and down, and the nozzle and work-piece stage are printed by fused deposition modeling (FDM). During processing, the self-priming pump sucks the solution from the plating bath into the anode chamber, followed by spraying the solution to the surface of the cathode work-piece through the nozzle, and finally starting to deposit after electrification. 
Experimental process and parameters
Titanium alloy formed by SLM technology was selected as the experimental substrate. Its size was15×15×3 mm, in which the laser scanning rate was 840 mm/s, the power was 220 W, and TC4 powder was used with an average particle size of 30 μm. The surface of titanium alloy was manually polished with 400#, 800#, 1000# metallographic sandpaper, followed by ultrasonic cleaning with deionized water, and alcohol, membrane removal, ultrasonic cleaning with deionized water, and nickel plating. The composition and processing parameters of the plating solution are shown in Table 1 . The reagents in all of the solutions are analytically pure. The role of NiSO4˙6H2O and NiCl2 . 6H2O in the solution is to provide nickel ions for the deposition process, and the role of C7H5O3NS is to refine the grains [24] . The addition of H3BO4 not only adjusts the pH of the solution, but also enhances the electrolyte polarization layer [25] . The parameters of current and deposition time are shown in Table 2 . Table 3 shows the test equipment for analyzing the surface morphology, microhardness and protective properties of coatings, as well as their models and parameters. 
Properties characterization
RESULTS AND DISCUSSION
Surface morphologies
The surface micro-morphology of pure nickel coatings prepared at different current densities is shown in Fig. 2 . From the figure, it can be observed that there are different cell sizes and micro-bumps on the surface of the coatings. This is attributable to the fact that the surface of titanium alloy is only polished by hand with sandpaper. It is unavoidable that there are a lot of micro-protrusions on the surface of titanium alloy. At the same time, preferentially generated nuclei will also increase the surface roughness of the cathode. Affected by the "edge effect", the electric field strength of the bulge is higher than that of the concave area, causing the deposition speed of each part of the titanium alloy surface to be different. When the current density is 80 A/dm 2 , as shown in Fig. 2a , both the deposition velocity difference of different parts and the nucleation point on the cathode surface are small because of the small current, resulting in a small number of crystal cells on the cathode surface. In addition, the low current causes less nickel to be deposited on the substrate per unit time, and the liquid flow rate is higher, which has a certain scouring effect on the cathode surface. To a certain extent, it will destroy the surface of the deposited layer and make the surface have a small amount of ravine stripes [26] . When the current density increases to 100 A/dm 2 , a slightly uneven position on the surface of the titanium alloy will quickly form a bulge because of the high current density, and as the deposition proceeds, the bulge will become increasingly more obvious. Compared with Fig. 2a , the number of cellular bumps on the surface of the coating noticeably increases, as shown in Fig. 2b . This is attributable to the increase of nucleation points on the cathode surface caused by the high current. As the current density continues to increase to 120 A/dm 2 , the nucleation points on the surface of the substrate continue to grow in number. Further, the curvature of the cellular processes is larger, the equipotential lines are denser, and the electric field intensity significantly increases. Owing to the electric field being shielded by large protrusions, many small protrusions gradually stop growing during continuous deposition, and the growth rate of large protrusions becomes faster and faster, making them collide with each other and submerge small protrusions. The large protrusions that collide with each other improve the smoothness of the coating to a certain extent. As shown in Fig. 2c , the morphology of the coating is obviously better that observed in Fig. 2a and Fig. 2b . As shown in Fig. 2d , when the current density is increased to 140 A/dm 2 , the surface of the plating layer has defects such as large protrusions and pits. On the one hand, this is caused by the current density being too high and the deposition rate being too fast. On the other hand, nickel ions in the vicinity of the cathode are rapidly consumed, and a serious shortage of nickel ions causes hydrogen ions in the solution to be reduced, thereby increasing plating defects [27] . 
Adhesion strength
The cross-section morphology and scratches of the samples are shown in Fig. 3 . The samples are cut by a wire-cutting machine, then gently polished and washed with alcohol. Fig. 3a depicts crosssection morphology with current density of 60 A/dm 2 . It can clearly be seen that there is a slight gap between the coating and the substrate, adhesion effect is not ideal. Fig. 3c presents the cross-section morphology of 120 A/dm 2 current density. In the figure, the coating and the substrate adhesion are very close without any obvious cracks, and even some Ni are embedded in the substrate. It can be inferred that the coating with current density of 120 A/dm 2 has stronger adhesion strength than that with current density of 60 A/dm 2 .
In this test, the scratch method was used to quantitatively analyze the bonding force between the coating and substrate. When the frictional force significantly fluctuates, this denotes that peeling occurs between the coating and the substrate, and the value of the load applied at this time is used as a basis for evaluation. Fig. 3b and Fig. 3d show the indentation of current density of 60 A/dm 2 and 120
A/dm 2 , respectively. It can be seen that the indentation of Fig. 3b is obviously fractured and falls off.
The indentation of Fig. 3d has no cracks until the end, which is consistent with the results of crosssection morphology of Ni coatings on substrate. The adhesion strength of the coating is shown in Fig.  4 . When the current density increases, the adhesion of the coatings first increases. When the current density is 120 A/dm 2 , the adhesion strength of the coatings reaches the maximum of 30.4 N, and then decreases with the increase of the current density. Since the surface of titanium alloy is only polished by hand, there are inevitably protrusions and depressions, as well as gully-like stripes, on the surface. When the current density is low, the surface of the coating has fewer nucleation points. Further, because of the "edge effect", nickel ions will preferentially deposit on the protruding part of the substrate surface. The pitting and gully-like stripes on the substrate surface cause a slight gap between the coating and the substrate, seriously affecting the adhesion strength between the substrate and the coating. However, when the current density is increased, the surface nucleation point is increased, the plating defects are reduced, the uniformity and density of the plating layer are improved, and the adhesion strength is greatly improved. When the current density is too large, the hydrogen evolution reaction will increase because of the lack of nickel ions, and the gas and impurities generated by the reaction will remain between the substrate and the coating, easily causing cracking of the coating and reducing the adhesion strength.
Microhardness.
Fig . 5 shows the microhardness of the nickel coatings prepared at different current densities on titanium alloy. The microhardness of nickel coating first increases and then decreases with the increase of current density. The maximum microhardness is 548 HV, and the corresponding current density is 120 A/dm 2 . Then, with the increase of current density, the microhardness of the coating gradually decreases. The dashed line in the figure shows the hardness of the titanium alloy formed by SLM technology, which is 372.1 HV. It can be seen that its hardness is low. One reason for this is that some of the powder particles in the SLM process are not fully melted, resulting in voids [28] . Second, the stability of laser energy output and the error of powder layer thickness make the forming quality of each layer slightly different, thus affecting the overall hardness of titanium alloy [29] . The surface microhardness of the coating is not only affected by the grain size of the coating [30] , but also by the density, purity, number of defects and structure of the coating [25, 31] . In general, the coating defects are reduced, the surface quality is better, and the coating hardness is higher. From the above analysis of the surface morphology of the coatings, it can be observed that the surface morphologies of the coatings prepared with different current densities are different. When the current density is 120 A/dm 2 , the surface defects of the coating are few, and the density is high, so its hardness reaches the maximum. Continuous increase of current density will increase the number of surface defects and larger cellular processes, significantly affecting the microhardness of the coatings.
Figure 5. Microhardness of the coating under different current density
Wear resistance
Fig . 6 shows the surface morphology of different samples after wear test. Fig. 6a is the morphology of titanium alloy after wear test. It can be observed from the figure that the surface is almost entirely all deep furrows. It can be considered that the wear mechanism is mainly microscopic grinding, indicating that the surface hardness of pure titanium is low and the wear resistance is poor. According to the hardness analysis above, the hardness of titanium alloy formed by SLM technology is not high and the strength is low. Most materials are easy to fall off under the action of micro-cutting and form abrasive debris, which attaches to the friction surface. This, further aggravates the wear, and makes the volume of wear increase, thus forming a deep plough-groove-like wear mark on the surface; Fig. 6b is its partial enlargement morphology. Fig. 6c is the surface of the coating with current density of 60 A/dm 2 . From the morphology of the coatings after wear, there are obvious cracks, peeling, and shedding, indicating that the plastic deformation of the coatings has taken place. It is more obvious from its local enlarged morphology (Fig. 6d) , indicating that the wear resistance of the coatings with current density of 60 A/dm 2 is poor. Fig. 6e is the wear surface of nickel coating with current density of 120 A/dm 2 . From the morphology, it can be understood that the coating is relatively complete on the whole, the wear grooves are sparse and shallow, and there are wear marks parallel to the direction of motion on the surface of the coating. It can be considered that the wear mechanism of the coating is mainly smearing, showing that the wear resistance of the coating is better [32] . This is also the best wear resistance of the five sets of different current densities samples. The reason for this phenomenon is that when the current density is low, there are fewer nucleation points on the cathode surface and the nucleation speed of the grains is slow, resulting in the lower compactness, coverage, adhesion, and hardness of the coating, and worsening the wear resistance. When the current density is high, the deposition rate of cathode surface is too fast, and defects such as nodulation, pitting, and burning are easily formed on the coating surface [33] . These factors are not conducive to improving the wear resistance of the coating surface. Therefore, when the current density is 120 A/dm 2 , the wear resistance is the best. In order to further verify the above viewpoint, the variation of surface friction coefficient of nickel coatings with different current densities is studied. As shown in Fig. 7 , the friction coefficient of the sample is relatively small at the initial stage of wear, and then rapidly increases. This is attributable to the friction between the coating, and the grinding ball mainly occurs in the uneven area of the coating. At this time, the contact area between the coating and the grinding ball is small, leading to the reduction of friction resistance, and causing the friction coefficient of the coating to be low at first. As the friction continues, the contact area gradually increases, and the adhesion between the grinding head and the coating is strengthened because of the heat generation of friction. This results in a rapid increase in friction coefficient, and finally stabilizing in a stable region, i.e., the stable wear stage [34] . The friction coefficient of the coating with different current densities has a certain fluctuation. From Figure 7 , the friction coefficient of the sample with current density 120 A/dm 2 is the smallest, about 0.65-0.7, followed by 140 A/dm 2 and 60 A/dm 2 , about 0.8-0.85. When the experimental conditions are fixed, the surface of the coating has more rough peaks when the friction coefficient is large, while the surface roughness peaks are less when the friction coefficient is small [35] .
Figure 7.
Relationship between friction coefficient of coatings and time
CONCLUSIONS
(1) Smooth and compact nickel coating can be deposited on the surface of TC4 formed by SLM technology by using appropriate current density (120 A/dm 2 ). When the current density is too low or too high, there will be many bumps or defects on the surface of the nickel coating.
(2) With the increase of current density, the adhesion and hardness of the coating increases first and then decreases. When the current density is 120 A/dm 2 , the coating adhesion reaches the highest at 30.4 N, and the microhardness increases from 372 HV on TC4 surface to 548 HV.
The wear mechanism of pure titanium substrate is microscopic grinding, with deep furrows on the surface. When the current density increases from 60 A/dm 2 to 120 A/dm 2 , the wear mechanism of nickel coating changes from fatigue wear to smearing, with the friction coefficient obviously decreasing. It is indicated that nickel plating on the titanium alloy can effectively improve its overall wear resistance.
